Scattering is a useful tool for the determination of particle size in solution. In particular, spectroscopic analysis of backscattering renders the possibility of a simplified experimental setup and direct data processing using Mie theory. We show that a simple technique based on near-infrared (NIR) backscattering spectroscopy together with the development of the corresponding algorithm based on Fourier transform (FT) and Mie theory are a powerful tool for sizing microparticles in the range from 8 to 60 |xm diameter. There are three wavelength intervals in the NIR, within which different diameter ranges were analyzed. In each one, the FT yields a coarse diameter value with an uncertainty dependent on the wavelength range. A more accurate value is obtained by further applying cross correlation between experimental and theoretical spectra. This latter step reduces the uncertainty in diameter determination between 30% and 40%, depending on wavelength interval and particle diameter. These results extend previous information on visible backscattering spectroscopy applied to sizing microparticles in the range between 1 and 24 p.m diameter. This technique could be the basis for the construction of a portable and practical instrument.
Introduction
Size characterization of particulate m aterial in solu tion is im portant for quality control processes in phar macological, paint, cement, cosmetic, and pesticide industries, am ong others. Different optical techniques based on light scattering have been developed and ap plied to sizing particles due to their ease of u se and noninvasive nature. Some are based on m easurem ents of angular scattering at a fixed w avelength,1 2 w hile others use dynamic fight scattering,3 working w ith a fixed angle and a fixed w avelength. Also, some authors addressed the problem of sizing particles in solutions, in laboratory phantoms, and in biological specim ens using fight scattering spectroscopy m ethods. 4 6 In particular, optical backscattering spectroscopy show s advantages over fixed w avelength m u lti angle scattering m easurem ents. On the one hand, it offers an instrum ental advantage, since it m ay be ensem bled endoscopically in a sim ple and com pact w ay. On th e other hand, th e rich dependence o f the theoretically calculated backscattering coefficient on w avelength and particle diam eters can be used for particle sizing. P reviously,4 w e reported the u se o f visible back scattering spectroscopy for sizing particles in th e 1 2 4 pm diam eter range. Briefly, the analysis w as based on th e characteristic oscillatinglike nature o f th e backscattering spectrum w hen a beam of w h ite ligh t is incident on a suspension o f particles, as can be seen in Fig. 1 diam eter, it m ay be used for particle sizing. The number of m axim a for a fixed w avelength interval is re lated to the particle's diam eter. Thus if a certain w avelength interval is chosen based on inspection of the backscattering spectra, its frequency content can be determ ined by Fourier transform (FT) analysis. The oscillating nature o f the backscattering signal as a function of w avelength, suggests th a t its FT should have a relatively sharp m axim um w hose position should be related to particle diam eter. T hese experi m ental FTs agree w ith those obtained from calculated backscattering coefficients u sin g M ie th eo iy and allow for plotting a calibration curve betw een the FT m axi m um and the particle diam eter. T his curve allows for knowing, as a first step, th e different particle sizes present in a given sam ple. Since th e FWHM o f the FT curve sets a lim it on diam eter resolution, a second step based on local cross correlation betw een experim ental and theoretical spectra allows for im provement in th e accuracy o f diam eter determ ination. That work w as devoted to sizing particles o f diam eters betw een 1 and 24 jxm u sin g th e v isib le w avelen gth interval of 6 0 0 7 3 0 nm . In its conclusions, it w as m entioned th a t th e technique could also be used to m easure larger particles i f th e w orking spectral interval w as adequately shifted to N IR w avelen gth s, based on the observed fact th a t th e oscillations tend to appear m ore to th e IR as th e particle diam eter increases. Moreover, it w as also m entioned th a t in th is new interval a new calibration curve should be deter m ined according to th e procedure described in th e cited reference. H ere w e extend the application o f th e backscattering spectroscopy technique to size larger particles and present new experim ental backscattering spectra ob tained in three N IR w avelength intervals for particles w ith increasing diam eters (20, 30, and 50 |xm). Our approach b asically con sists o f th e application of a sim ple algorithm to relate th e FT m axim um o f th e w hite fight backscattering spectrum to particle diam eter. To increase th e accuracy, a second step w ith cross correlation b etw een exp erim en tal and calcu la te d spectra is applied. T he FT o f exp erim en tal sig n a ls com ing from scatterers h ave also been su ccessfu lly applied to fixed w a v elen g th m u ltian gle sca tterin g (FW M S) 7 
Results
For a better analysis of the spectra, it is convenient to take off the slowly varying component by subtracting an appropriate polynomial that mimics the q u artz tun gsten h alogen spectrum. This procedure is sim ilar to the one used in atmospheric gas pollutant detection using differential optical absorption spectroscopy.9-11 Thus the raw spectra are transformed into ac component spectra, as seen in Fig. 3(a) observed, which is more appropriate for FT calcula tion. All the FT shown in this paper are applied to spectra plotted versus the w avenum ber, although, for visualization purposes, the spectra w ill be show n in th e w avelength scale, w hich is th e conventional w ay th a t a spectrom eter yields information.
In th ese conditions, if FTs are calculated on the above spectra, two facts can be observed: first, they w ill show a distinct m axim um located at a specific frequency value for each sam ple, and second, this m axim um w ill shift to larger frequencies as th e di am eter increases. T hese behaviors are show n in Fig.  3(b) , w here the FT of the different spectra show n in Fig. 3(a) (previously plotted as a function of the wave num ber) were calculated w ith th e fa st FT algorithm. It can be seen that the curves are alm ost single peaked, and its position increases m onotonically as th e particle diam eter increases.
For the case of m ultim odal sam ples, th e different com ponents contribute to th e total backscattering in ten sity, yielding a spectrum that, in general, m ay not h ave an alm ost sinusoidal shape. Figure 4 (a) corre sponds to the experim ental spectrum obtained for a Several 7^ backscattering spectra are calculated for diam eter valu es at approxim ately in an interval covering the FWHM o f the FT peak. The largest cor relation value for zero delay is th en taken as th e m ost probable diameter.
To check the usability o f th is technique, cross cor relation w as applied to each peak for th e m ultim odal sam ple o f Fig. 4(a) . In th is case, Xlow and Xhigh corre spond to 750 and 850 nm , repectively. 9 . FT of spectra of (a) Fig. 8(a) and (b) Fig. 8(b) . 9(a) and 9(b) . Each FT spectra show s a distinct m ax im um th a t shifts to larger valu es as th e particle diam eter increases. The secondary m axim a account for th e slight m odulation in th e am plitude of th e scatterin g coefficients in th e analyzed w avelength interval. S im ilar to w h at w a s show n for th e in terval of 7 5 0 8 5 0 nm , the functional relation betw een the po sition of th e FT peaks and th e corresponding particle are four w avelength intervals th a t can be u sed for particle sizin g w ith backscattering spectroscopy in th e visible and NIR. Table 1 
Conclusions
We have show n th a t it is p ossib le to siz e m icro particles in th e range o f 2 0 6 0 pm diam eters in a reliable and sim ple w ay u sin g NIR backscattering spectroscopy. It has been dem onstrated th a t the FT of the scattering spectra h as a characteristic m axim um , w hose position is linearly related to the particle's diam eter w ithin a specific w avelength interval. A first approxim ation to particle diam eter m ay be ob tain ed through th is lin ear relation. To im prove de term ination accuracy, a cross correlation technique betw een calculated and experim ental spectra w as ap plied. This im provem ent is range dependent, thus forcing a trade off betw een sizin g capability and ac curacy. Together w ith th e results obtained in a pre vious work on visible backscattering spectroscopy, th e im provem ent due to correlation is very good for a 0 .5 1 0 |xm particle diam eter in the visible interval 
